We additionally compared the status of regeneration cular staining). During degeneration after sciatic nerve in wild-type and fib Ϫ/Ϫ mice at late time points after crush, there is collapse of the myelin sheaths and axonal sciatic nerve crush injury when there was clearance of degeneration ( Figure 1C ). During the degeneration phase, fibrin in the wild-type mice. We observed that 35 days fibrin(ogen) immunoreactivity increases in the endoneuafter crush, both wild-type and fib Ϫ/Ϫ mice showed the rium ( Figure 1D ). At late time points after injury, there same extent of axonal regeneration and remyelination are myelinated axons in the nerve with smaller diameter (data not shown). Overall these results demonstrate that and thinner myelin sheath ( Figure 1E ), when compared fibrin deposition is an inhibitory factor for the onset and to the axons of the adult uninjured nerve ( Figure 1A) . early time points of sciatic nerve remyelination and that During the regeneration phase, fibrin(ogen) decreases its clearance is a physiological mechanism correlated to uninjured levels ( Figure 1F ), presumably due to the with nerve repair. action of tPA, which is induced after crush (Akassoglou et al., 2000) .
To further evaluate fibrin deposition at different time Fibrin Deposition Does Not Affect Axonal points after injury, we performed Western blot analysis Sprouting or Macrophage Infiltration using an antibody against ␥-␥ fibrin dimers, which are Functional nerve regeneration after injury is a multistep formed by the action of the coagulation system on the process that requires axonal regrowth of the damaged fibrinogen molecule (Chen and Doolittle, 1971; Lorand axons to their targets and remyelination. The analysis et al., 1969). The uninjured sciatic nerve did not show reported above relied on the detection of myelin to idenformation of ␥-␥ dimers, showing that there is no fibrin tify regenerating nerves. Thus, the delayed regeneration present constitutively ( Figure 1G ). Four days after injury, in the wild-type mice could be due to retardation of axon there was a dramatic increased formation of ␥-␥ dimers, elongation or remyelination. indicating that the tissue during its degeneration phase To identify which aspect of regeneration was affected has fibrin deposition ( Figure 1G ). Twenty-five days after by fibrin deposition, we first examined the progress of crush injury, during the regeneration phase of the nerve, axonal growth after injury. GAP-43 is expressed by dethere were no ␥-␥ dimers present, demonstrating that the veloping or regenerating axons, and can thus serve as fibrin formed during the degeneration phase has been a marker for axon sprouting and elongation (Benowitz removed from the tissue ( Figure 1G ). Staining the memand Routtenberg, 1997). Axonal expression of GAP-43 brane with Ponseau S before immunoblotting showed appears as early as 4 days after sciatic nerve crush that equal amounts of total proteins were present in the injury (Woolf et al., 1990). Schwann cells can also exblot ( Figure 1H) . press GAP-43 after injury, but that expression does not begin until 12 days after injury (Scherer et al., 1994) . To examine whether fibrin depletion affected axonal regenFibrin(ogen)-Deficient Mice Show Increased Myelinated Axons after Sciatic Nerve Injury eration, we stained longitudinal sections of sciatic nerve 8 days after crush injury. As expected, wild-type uninTo assess the involvement of fibrin in axonal remyelination in vivo, we examined the tissue morphology of the jured mice showed no staining for GAP-43 ( Figure 3A ). Eight days after crush injury, both wild-type ( Figure 3B ) sciatic nerve 1 mm distal of the crush site 8 days after crush in wild-type mice and mice genetically or pharmaand fibrin-depleted mice ( Figure 3C ) showed a similar pattern of axonal staining of GAP-43 and similar extent of cologically depleted of fibrinogen. In wild-type mice, whether there was a difference at earlier time points, we examined GAP-43 immunoreactivity 3 and 5 days To quantitate if there was a difference in axon sprouting and elongation, we also stained cross-sections of after crush. In both earlier time points, there was no difference between wild-type mice and wild-type mice the sciatic nerve 1 mm distal to the crush site. Eight days after crush, sciatic nerves from control ( Figure 3E) treated with ancrod in the number of GAP-43-positive axons (data not shown). Overall, these results indicated and fibrin-depleted wild-type mice ( Figure 3F ) showed a similar number of GAP-43-positive axons, suggesting that the inhibitory effect of fibrin on regeneration after sciatic nerve injury was not on axonal sprouting and that axonal sprouting is not affected by fibrin depletion. To examine whether the elongation rate differed beelongation. We examined other possible mechanisms that fibrin tween the two groups, GAP-43 staining was performed on cross-sections of the sciatic nerve 8 mm distal to might affect during peripheral nerve injury. Macrophages are known to accumulate in the sciatic nerve the crush site 8 days after crush. No difference was Ϫ/Ϫ mice also had fewer BrdU ϩ cells compared to wild-type mice (data not shown). Overall, the difference in phosphorylated ERK1/2 was due to regulation of ERK1/2 at the level of phosphorylation and these results suggest that fibrin regulates Schwann cell proliferation.
not due to differences in total expression of ERK1/2. We also examined the effect of fibrin on ERK1/2 phosphorylation at earlier time points in culture. We perFibrin Induces ERK1/2 Phosphorylation To examine if fibrin regulated a signaling pathway that formed immunoblot analysis from Schwann cell extracts 1 day after plating on fibrin or on laminin. Quantitation affects proliferation, we examined the two forms of the To examine whether inhibition of ERK1/2 phosphorycontrast to the migrating-proliferating cells. Expression of these myelin genes can serve as a marker for the lation affects Schwann cell proliferation on fibrin, we cultured primary Schwann cells in the presence of differentiated state. We investigated whether after injury, sciatic nerves from fibrin-depleted mice expressed U0126, a specific inhibitor in the pathway that leads to ERK1/2 phosphorylation (Favata et al., 1998). We permyelin genes earlier than wild-type mice. In situ hybridization with a P 0 cRNA probe showed that 8 days after formed immunoblot analysis on extracts from Schwann cell cultured in the presence of the inhibitor and obcrush, Schwann cells from wild-type mice had not yet started P 0 mRNA expression ( Figure 7A ), whereas fib Ϫ/Ϫ served that U0126 completely inhibited ERK1/2 phosphorylation ( Figure 6B ). After 3 days in culture, the mice had significant P 0 mRNA synthesis ( Figure 7B ). In addition, we examined P 0 mRNA expression in sciatic Schwann cells grew more vigorously on a fibrin matrix ( Figure 6D) , when compared to those cultured on laminin nerve extracts using semi-quantitative RT-PCR analysis. Using specific primers for P 0 , we performed RT-PCR ( Figure 6C) . Addition of U0126, the inhibitor of ERK1/2 phosphorylation, had no effect on cells growing on analysis on cDNA prepared from sciatic nerves of mice in postnatal day 6, adult wild-type, and wild-type and laminin ( Figure 6E ). In contrast, addition of U0126 to Schwann cell cultures growing on fibrin dramatically fib Ϫ/Ϫ 8 days after crush injury, using different cycles for amplification. RT-PCR for actin was performed on the reduced the number of cells ( Figure 6F ). Taken together, same samples to determine cDNA integrity and amount wild-type mice ( Figure 7E ). In contrast, fib Ϫ/Ϫ mice show a dramatic decrease in the production of p75 NGFR between samples. As expected, sciatic nerve from P6 showed a high level of P 0 expression ( Figures 7C and  (Figure 7E) . Overall, these results show that fibrin promotes the production of p75 NGFR after injury and provide 7D) since at this state, the nerve actively myelinates (Jessen and Mirsky, 1999b). Consistent with our in situ further evidence that Schwann cells in the absence of fibrin are at a less immature state than in wild-type mice. hybridization data, after injury, sciatic nerve from fib Ϫ/Ϫ mice showed a 3-fold increase in P 0 mRNA, when comOur results that fib Ϫ/Ϫ mice show reduced cell proliferation raised the possibility that these mice might have pared to wild-type mice (Figures 7C and 7D) . To examine whether fibrin could also have an effect in the expression a reduced number of Schwann cells compared to wildtype mice. To address this question, we counted total of P 0 in vitro, we cultured Schwann cells in the presence of forskolin, a cAMP analog that is known to induce myelin nuclei of wild-type and fib Ϫ/Ϫ sciatic nerves at different time points after the crush ( Figure 7F ). The total number gene expression (Lemke and Chao, 1988). We observed a 2-fold increase of P 0 mRNA expression of Schwann cells of nuclei remained constant between the two genotypes. Our results suggest that wild-type and fib Ϫ/Ϫ mice have cultured on laminin versus those cultured on fibrin. These results suggest that fibrin both in vivo and in vitro is a the same total number of cells, but the phenotype of these cells differs. In wild-type mice, Schwann cells are downregulator of expression of P 0 myelin gene.
Since P 0 is a marker for differentiated myelinating at a proliferating ( Figure 5A ), nonmyelinating state (Figure 7A) , while in fib Ϫ/Ϫ mice, they are at a low-proliferating Schwann cells, we also examined the expression of the p75 NGFR, a marker that identifies immature Schwann ( Figure 5B ), myelinating state ( Figure 7B ). Overall, these data demonstrate that depletion of fibrin accelerates cells. It is well established that p75 NGFR is strongly activated by withdrawal of axons (Lemke and Chao, Schwann cell differentiation to a myelinating, nonproliferating state. 1988) and its expression correlates with proliferating, nonmyelin-producing Schwann cells (Zorick and Lemke, 1996) . Western blot analysis demonstrated expression Fibrin Inhibits Fibronectin Expression in the Sciatic Nerve of p75 NGFR in sciatic nerve extracts of postnatal day 6 ( Figure 7E) . Three or eight days after crush, expression During nerve development and regeneration, the fibronectin level increases, which promotes Schwann cell of p75 NGFR is observed in sciatic nerve extracts of Figure 8J ). These results suggest in a proliferative state, it was possible that part of this effect might be mediated through inhibition of fibronecthat fibrin deposition inhibits fibronectin production at the sciatic nerve after crush. tin expression. To address this question, wild-type and fib Ϫ/Ϫ sciatic nerves were stained for fibrin, laminin, and To further define fibronectin expression in myelinating and nonmyelinating nerve, we examined Western blots fibronectin 8 days after crush injury. Uninjured, wildtype mice did not show any staining for fibrin (Figure from extracts of sciatic nerves from P6 and adult mice with a fibronectin-specific antibody. Sciatic nerve pro-8A; Akassoglou et al., 2000) , while there was a significant deposit after crush ( Figure 8B ). Fib Ϫ/Ϫ mice after injury tein extracts from mice at P6, when active myelination is robust (Jessen and Mirsky, 1999b), showed strong did not show any fibrin staining as expected ( Figure 8C ). Immunostaining for laminin showed that uninjured wildproduction of fibronectin, when compared to sciatic nerve from adult mice, when myelination is largely comtype sciatic nerve had extracellular laminin ( Figure 8D ). After crush, both wild-type ( Figure 8E ) and fib Ϫ/Ϫ mice pleted ( Figure 8K ). This result further establishes that an increase in fibronectin levels correlates with myelina-( Figure 8F ) showed similar levels of laminin immunoreactivity, suggesting that fibrin deposition does not affect tion. Fibronectin in the sciatic nerve is synthesized by Schwann cells (Vogelezang et al., 1999) . To examine the synthesis and deposition of laminin at the sciatic nerve after injury. Immunostaining for fibronectin showed whether fibrin affects Schwann cell capacity to produce fibronectin, we cultured Schwann cells on laminin or that the uninjured, wild-type nerve expressed very little fibronectin ( Figure 8G ). After injury, there was an inon fibrin. After 4 days in culture, we prepared protein extracts and examined fibronectin production by immucrease in fibronectin in wild-type nerves (Figure 8H) , and a much larger increase in fib Ϫ/Ϫ nerves ( Figure 8I ). noblot. While Schwann cells cultured on laminin pro- duce fibronectin, cells grown on fibrin produced undecrod had a dramatic increase in the number of cells that synthesize the fibronectin transcript ( Figure 8M ), when tectable levels of fibronectin ( Figure 8K ).
(C) Schwann cells grew on laminin after 3 days in culture and inhibition of phosphorylation of ERK1/2 by addition of U0126 does not inhibit their growth (E). Schwann cells grew vigorously on fibrin (D), while inhibition of ERK1/2 phosphorylation inhibited their growth on fibrin (F). migration and correlates with their terminal differentiaWestern blot analysis for fibronectin on sciatic nerve protein extracts also demonstrated increased production to a nonproliferative, myelinating state (Chernousov and Carey, 2000). Since fibrin maintains Schwann cells tion of fibronectin in wild-type mice treated with ancrod 8 days after crush (
To determine if the inhibition of fibronectin expression compared to wild-type mice ( Figure 8L ). These data suggest that fibrin deposition after sciatic nerve crush injury by fibrin was at the mRNA or protein level, we performed in situ hybridization with a cRNA probe for fibronectin.
inhibits expression of fibronectin mRNA and therefore fibronectin protein production by the Schwann cells. Eight days after crush, wild-type mice treated with an- Although fibrin inhibits Schwann cell differentiation, overall it could play a beneficial role in nervous system repair. Interaction of Schwann cells with fibrin would signal that an injury had taken place, and that proliferation was required for restoration of myelinated nerves. As long as fibrin remained, indicating that the injury had not been healed, the cells would maintain their proliferative, undifferentiated state. The disappearance of fibrin would in turn signal that the composition of the ECM had normalized and that myelination could begin. Given the effect of fibrin on many other pathological situations (described below), Schwann cells may be an example of a general concept: that cells may be primed to detect fibrin so that they can gauge tissue damage, upregulate the production of proteins of the proteolytic pathway, and delay repair processes until the tissue has healed sufficiently to make it appropriate. In cases of chronic injury and fibrin deposition, or inadequate fibrin clearance, this beneficial mechanism could prove deleterious due to retardation of repair. fibrin might affect Schwann cell differentiation by pre-antibody was confirmed using tissue from fib Ϫ/Ϫ mice. Staining speccm 2 of plate. Plates were placed in the incubator for 2 hr and the formation of gel was detected macroscopically. Schwann cells were ificity for the other antibodies was confirmed using rabbit IgG. Incubation without the first antibody served as a negative control. cultured as described above. After 3 days in culture they were plated on 6-well plates that were covered either with laminin or fibrin. Cells were cultured for 1 or 3 days and protein extracts were prepared In Situ Hybridization for P 0 and Fibronectin with tissue homogenization in SDS lysis buffer. Protein concentraIn situ hybridization was performed as described in Akassoglou et tion was determined using the Bradford protein assay and equal al., 1998. For the P 0 probe, 5Ј-CACTATGCCAAGGGACAAC-3Ј sense amounts of protein were loaded on an SDS-PAGE gel. Electrophoreand 5Ј-CAGACATAGTGGGCAAGAC-3Ј antisense oligonucleotides sis was performed according to standard procedures and the prowere used to PCR amplify 175 bp of exon 3 of the P 0 gene. For the teins were transferred to a nylon membrane which was incubated fibronectin gene, 5Ј-AAACACTTGTCTTTCCACAG-3Ј sense and 5Ј-with an antibody against fibronectin (DAKO, 1/5,000), rabbit anti-TCTTATGGTTTGGTCTGG-3Ј antisense oligonucleotides were used mouse fibrin(ogen) (kind gift of Jay Degen, Children's Hospital, Cinto PCR amplify 324 bp of the fibronectin gene. The PCR products cinnati, OH), phosphorylated ERK1/2 (Cell Signaling Technology, were cloned using the TA PCR-cloning system (Invitrogen, Carlsbad, 1/1,000), or rabbit anti-p75 NGFR (Chemicon, 1/1,000) followed CA). Cloning was performed in both orientations and accordingly by incubation with anti-rabbit HRP (Cell Signaling Technology, sense and antisense mRNA probes were produced using the T7 1/10,000). All membranes were stained with Ponsau to assess equal promoter of the PCR 2.1 vector (Invitrogen).
loading and transfer for all samples. Detection of HRP was performed using SuperSignal West Pico Chemiluminescent Substrate Semi-Quantitative RT-PCR (Pierce, Rockford, IL). Autoradiographies were scanned, analyzed Total RNA was extracted from sciatic nerves and Schwann cell using Scion Corporate Image Analysis Software, and normalized cultures using Trizol (Life Technologies, Rockville, MD). cDNA was levels were used for the calculation of the differences between generated using Superscript II reverse transcriptase (Life Technolodifferent extracts. gies). Amplification of ␤-actin was performed using the 5Ј-GTC CTGTATGCCTCTGGTC-3Ј sense and the 5Ј-TCGTACTCCTGCTTG In Vivo and In Vitro BrdU Labeling CTGAT-3Ј antisense oligonucleotides. For P 0 , the primers described BrdU (Roche, Indianapolis, IN) was dissolved in water and injected above were used. PCR reactions were performed in different cycles intraperitoneally at a concentration of 100 mg/kg. Mice were sacri-(15, 20, and 25). PCR products were run on agarose gels. Agarose ficed 2 hr after injection. Sciatic nerves were isolated and cryostat gels were transferred to nylon membranes and were processed blocks were prepared. BrdU ϩ nuclei were detected using the BrdU for hybridization. The 32 P DNA probes used for hybridization were labeling kit (Oncogene Research Products, San Diego, CA). BrdU/ prepared by amplification of genomic DNA with the oligonucleotides S100 double staining was performed as described (Gaiano et al., for P 0 and ␤-actin described above. Hybridization was performed 2000) with the following alterations. Briefly, PFA-fixed cryostat secin Rapid Hyb-Buffer (Amersham, UK). Autoradiographies were tions of BrdU-injected mice were incubated with an antibody against scanned, analyzed using Scion Corporate Image Analysis Software, S100 (1:500, Sigma). Immunoreactivity was detected using the alkaand the P 0 levels were normalized against actin expression. line phosphatase ABC kit (Vector) and developed with the Blue Alkaline phosphatase substrate (Vector). Sections were then proQuantification of Myelinated Axons and Total Nuclei cessed with the BrdU labeling kit, with the modification that instead Eight days after injury, the crushed sciatic nerve was removed and of acid denaturation, sections were treated with 5 g/ml DNase I approximately 2.5 mm above and below the lesion was isolated and (Sigma) in TBS with 10 nM MgCl 2 and 10 nM MnCl 2 for 30 min prepared for semi-thin sectioning (Akassoglou et al., 2000) . The at 37ЊC. BrdU-positive nuclei were detected with DAB (Oncogene noninjured sciatic nerve (contralateral) served as a control. A morResearch Products). phometric grid (100 mm 2 ) was adapted to the microscope and a minimum of three grids per sample of myelinated axons was Acknowledgments counted. For counting the total number of cells, cross-sections were stained for DAPI (Vector Laboratories) and were observed under a We are indebted to Jay Degen for providing us with the fibrinogenZeiss Axiophot microscope. A minimum of four areas per crossdeficient mice and the polyclonal rabbit anti-mouse fibrinogen antisection was counted. body, and for helpful discussions and genuine interest in this work. We are very grateful to Stella Tsirka for the generous use of the Nikon Cell Culture tissue culture microscope and her lab members Andrew Rogove and Schwann cells were isolated as described (Milner et al., 1997) .
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